We propose the use of kinoform diffractive lenses to focus near infrared femtosecond pulses in sapphire crystals for supercontinuum generation. It is shown that a strongly peaked structure appears in the blue region of the supercontinuum spectra. The central wavelength of this peak can be easily controlled by simply changing the lens-crystal distance. Moreover, when compared with the supercontinuum generated with a refractive lens in analogous conditions, the spectral extension of the sogenerated continuum is larger. Our results were corroborated for sapphire plates with different thicknesses as well as in other transparent dielectrics such as fused silica. 
Introduction
When a high-power infrared femtosecond pulse is focused into a transparent medium, different non-linear effects such as self-phase modulation, self-steepening, plasma generation, or filamentation take place. These effects usually give rise to an extreme spectral broadening of the pulse, ranging from the ultraviolet to the infrared regions, termed supercontinuum (SC) generation [1] . The SC generation with femtosecond pulses has been observed in a variety of transparent media from gases, liquids to solids [2] . In particular, the generation of ultrabroadband pulses in condensed matter (i.e. crystals and glasses) has been the subject of intensive investigations [3] . The widely spread practical applications of the so-generated SC pulses are, among others, femtosecond time-resolved spectroscopy [4] , spectral interferometry [5] , or their use as seed pulses for optical parametric amplifiers [6, 7] .
The spectral properties of the SC pulses have been shown to depend on several factors. In particular, the extension of blue (anti-Stokes) broadening is strongly related to the physical properties of the medium, like the band-gap [8, 9] or its chromatic dispersion [10] . It is also known that some experimental conditions play a crucial role in determining the maximum extension of the spectra, e.g., the numerical aperture (NA) of the incident beam [11] .
In this work we investigate the potentials of using a kinoform diffractive lens (DL) for triggering SC generation in solids. In particular SC generation based on diffraction effects has been analyzed in [12] , where sharp edge apertures were used to redistribute the intensity along the propagation axis leading to an enhancement of the SC. Recently, the focusing behavior of a DL has been exploited not only to achieve wavelength tunability of second and thirdharmonic femtosecond pulses generated in non-linear crystals [13] , but also to improve the scanning range in non-linear microscopy [14] .
Here, the spectral features of the SC generated by focusing an infrared femtosecond pulse with a kinoform diffractive lens (DL) in sapphire are investigated. To the best of our knowledge, this is the first demonstration of SC generation by means of using a kinoform DL to focus the pump pulse. We take advantage from both the wavelength dependent focal length of the DL and its high diffraction efficiency [15] , to obtain SC pulses in the visible with tailored spectra, thus consolidating the great interest of such focusing element in ultrafast nonlinear optics.
The paper is organized as follows: in Sect. 2 we describe in detail the experimental set-up used in this work. In Sect. 3 we present the procedure, the main measurements obtained and we discuss the results. First we study the SC generated as the distance between the sample and the DL was changed, comparing the spectra with SC generated with a refractive lens. Then for the same experimental conditions, we investigate the wavelength stability and dependence of the SC with parameters of the fundamental beam, such as its pulse energy or the focusing conditions. Finally we show the results obtained for different crystal thicknesses and other material (fused silica). Sect. 4 is devoted to the conclusions of the work.
Experimental setup
In order to experimentally test the behavior of the SC generated with a DL, the set-up given in Fig. 1 was implemented at the laboratory. To this end a Ti:Sapphire regenerative amplifier (Spitfire, Spectra Physics) was used as laser source. It delivered at 1KHz repetition rate pulses of 120 fs (intensity FWHM) and 795 nm central wavelength. The energy of the pulses was measured with an analog power-meter (Spectra Physics, Model 407-A) and controlled by using a half-wave plate and a linear polarizer. An additional calibrated neutral density filter allowed us to reduce the absolute error in the pulse energy measurements.
To focus the beam into the sample, a kinoform DL (Institute of Automatics and Electrometry, Russia) with a focal length of f o = 106.6 mm for λ o = 795 nm (central wavelength of the pulse) was used. Note that, for a DL, the dependence of the focal length with the wavelength of the incident light can be written as:
where f o is the focal length for a given wavelength λ o . Owing to the wide spectral bandwidth of femtosecond pulses, we define for the DL lens an extended focal region. It is determined from Eq. (1), as the distance along the propagation axis between the foci of the extreme wavelengths. In our case, the spectral width of the pulse is 10 nm, leading to an extended focal region of 1.3 mm. When required, to reduce the NA by limiting the beam size, an iris aligned with the beam was placed in front of the lens. In order to precisely control the lens-crystal distance, the sample holder was mounted on a motorized linear stage. As targets, we used sapphire plates (Eksma Optics) of 1, 2 and 3 mm thickness, all of them with the optical axis set parallel to the laser polarization. The spectral analysis of the SC pulses in the visible was done with a spectrometer (Avantes, AvaSpec-2048) coupled to the beam through a 50 μm-core optical fiber (Ocean Optics, P50-2-UV/VIS). To concentrate the SC radiation in the optical fiber and reduce some possible transverse spatial dependence of the spectra, a fused silica biconvex lens was used. On the other hand, the optical fiber was placed some millimeters in front of the focus of this lens. This position was chosen as a solution to collect most part of the SC signal and trying to minimize the effects of the chromatic aberration introduced by this lens.
Moreover, to prevent the spectrometer from saturation, a bandpass filter (Thorlabs, FGB37s,) was placed after the lens, eliminating the remaining unconverted infrared radiation. The recorded spectra were corrected with the optical transmittance of the bandpass filter (if used), and the optical sensitivity of both the optical fiber, and the spectrometer.
For comparison purposes at some point we have replaced the DL by an achromatic doublet (Linos, G063144525) with a focal length of 100 mm. And finally, in order to validate the reported effects in other transparent dielectric, a 3 mm thick fused silica window (Esco Products) was used in a set of experiments.
Procedure and results
Before going into the experiments, with the iris fully open (NA~0.04), we determined the threshold energy for SC generation [11] due to the focusing with the DL into the different targets. The incident pulse energy was measured before the neutral density filter: to determine the pulse energy reaching the sample, the transmittance of the filter and the energy losses due to the diffraction efficiency of the DL were taken into account [13] . The results are shown in Table 1 . The measurements marked with an asterisk are the energy thresholds measured when the DL was replaced by the achromatic doublet (given here for comparison). As it might be expected from the longer focal volume of the DL the energy threshold is larger (around two times) than that measured for the refractive lens. Note that the 1 mm sapphire plate gives the largest threshold. We explain this effect because the focal region of the DL (about 1.3 mm due to the chromatic aberration, see Sect. 2), is larger than the crystal thickness: thus, in this case the whole focal region does not fit completely inside the crystal. Consequently, part of the pulse energy cannot be converted into SC light. This effect has also some additional consequences in the stability and the spectral features of SC, as it will be seen later. Then, we selected the 3 mm thick sapphire crystal (typical thickness value used to obtain a stable and spectrally wide SC [7] ). This time the energy of the pulses was set to 1.38 μJ (~1.4 times the generation threshold). The sapphire plate was initially placed just behind the focal region of the lens (z = 0) where no visible SC was generated. Then, the crystal was moved with the motorized stage in steps of 50 μm, reducing its relative distance to the DL. This is indicated with the arrow in Fig. 1 . The visible part of the spectra of the SC pulses was recorded at each step of the motor and the result is shown in Fig. 2(a) . The horizontal axis represents the displacement from the initial position, whereas the vertical axis holds for the wavelengths content. The spectra show a strongly peaked structure in the blue edge with negligible content of red wavelengths. Whenever SC light was generated, a white bright spot was visible inside the sample thus suggesting the formation of a filament.
In Fig. 2(b) , we show the same kind of plot taken with the achromatic doublet as focusing element (same NA). In order to obtain a comparable measurement, the energy of the pump pulse was decreased to 0.64 μJ (1.4 times the energy threshold for this lens). Differences between the two maps are obvious. On one hand, the spatial extension of the region where SC was generated is much larger when using the DL (more than 1.5 mm). This effect can be attributed to the long focal region of this lens [13] , caused by the strong chromatic aberration. With the refractive lens, there is SC generation only when focusing near the front face of the sapphire. On the other hand, the SC generated with the refractive lens, hardly depends on the crystal position. This is not the case of the DL for which a strong dependence of the spectra is found. As the crystal is moved towards the lens the above-mentioned peak shifts to lower wavelengths, reaching a minimum smaller than 450 nm. The longer extension of the spectral blue border as the focus is moved towards the rear face of the crystal is opposed to that previously described in several works in which an achromatic focusing element was used: in those cases, the maximum extension of SC was achieved when the focus was near the front face (see for instance reference [16] ).
Such effect can be better seen in Fig. 2(c) where we show the spectral profiles for some positions of the crystal. From this plot it is clear that changing the relative distance between the crystal and the DL the spectral features of the SC can be easily controlled. In addition to the tuning of the central wavelength of the peak, its width gets smaller as the focal region moves towards the rear face of the crystal (increasing z) the width of the spectral peak gets smaller. In particular for the largest value of z, the spectral width of the peak is about 21 nm, supporting about 14 fs transform-limited pulses. In this case, after removing the unconverted IR part of the spectra with the bandpass filter and taking into account its transmittance, the energy of the pulses was approximately 4 nJ. The spatial profile of the SC light shows quite good quality, as it can be seen in Fig. 2(d) . The pictures were recorded with a CMOS-based digital camera (Canon, Powershot G10) after projecting the light onto a white screen (with no filter). The weak annular pattern that appears near the center of each frame is unconverted infrared light. In order to assess the usefulness of the so-generated SC for practical applications, spectral stability measurements were also done. We set the energy of the incident pulse to 1.38 μJ, and fixed a position of the crystal. A 40 ms integration time of the spectrometer was chosen (thus adding up the spectra for 40 pulses due to the 1 KHz repetition rate of our laser system). Then, an acquisition was done each 5 s for a total time interval of 500 s. The average wavelength was calculated from these data for each measurement. Results are depicted in Fig. 3 , for z = 1.4 mm (blue line) and z = 1.6 mm (green line). Horizontal lines are the arithmetic mean (463.4 nm -blue-and 444.5 nm -green-) and the standard deviation (0.97 nm and 3.02 nm respectively). It is clear from the results that the spectral stability is quite good but it becomes worse as the peak is shifted to the extreme blue border (largest value of z). It should be noted that in such case the focal region is placed near the rear face of the crystal, and probably it does not fit completely inside the sample, this is detrimental for the proper formation of the filament, as was discussed in the beginning of the section. Fig. 3 . Stability of the average wavelength in the SC generated in a 3 mm sapphire plate, for z = 1.4 mm (blue line) and z = 1.6 mm (green line), and 1.38 μJ pump pulse. Horizontal lines are the arithmetic mean and the standard deviation.
To investigate the role of the pump pulse energy, the crystal position was fixed at z = 1.4 mm, and some spectra were recorded for different input pulse energies. As the energy was increased, the blue border of the spectra moved even more towards short wavelengths, see Fig. 4 . In particular, for an incident pulse energy of 1.93 μJ (two times the generation threshold) the border drops to near 400 nm. However, in this case the spectra become strongly modulated and the stability was poor. Fig. 4 . Dependence of the SC spectrum generated in a 3 mm thick sapphire crystal with the energy of the incident pulse (the crystal position is fixed to z = 1.4 mm).
Concerning the role of the NA in the SC, some experiments were done, by setting the iris diameter to 5.5 mm (NA~0.026). The energy of the incident pulse was fixed to 0.98 μJ (1.4 times the energy threshold measured for these conditions) and again a scan of the crystal-DL distance was done. The corresponding data are depicted in Fig. 5(a) . SC spectra corresponding to different z positions, indicated in the legend, are presented in Fig. 5(b) . However, note that the spectra correspond to the right extreme of the map, in positions where the sample is closer to the lens. In this case there are some differences with the situation of Fig. 2(c) (NA~0.04) although the wavelength tunability is observed too. On the one hand, the peak of the spectra slightly decreases as z is increased (at a smaller rate than in Fig. 2 ) but, as the focus approaches the rear face, the peak sharply moves towards red wavelengths until extinction. On the other hand, the spectra have a non-negligible content of red wavelengths and the extension of the blue edge is not as large as in previous experiments. Note that this result is opposed to the behavior reported in reference [11] for the SC generated with a refractive lens, where a lower value in the NA increased the extension of the blue border. We believe that, all the effects found with the DL can be attributed to the increase in the Rayleigh range when decreasing the NA: for NA~0.026 the size of the focal region (taking into account the Rayleigh range and the chromatic dispersion of the DL) approaches the thickness of the sample (3 mm). In such case, the end face of the sample is expected to prevent the proper development of the filament and thus the blue-broadening is limited by this restriction. Such limitation can be clearly seen in the density plot of Fig. 5(a) . The effect of the crystal thickness was also investigated. In Fig. 6 we show the spectral maps obtained for sapphire crystals of 2 mm (a) and 1 mm (b). In these experiments the iris was fully open and the incident pulse energy was set to 1.4 times the threshold (according tomeasurements of Table 1 ). In both cases, the tunability with z is presented in a similar way as with the 3 mm crystal. However, when the 1 mm crystal was used, the shape of the map is different and the stability of the SC is remarkably worse than in the other two cases. As previously discussed, the 1 mm thickness is smaller than the focal region for the DL, something that is clearly detrimental for the proper formation and propagation of the filament. Finally, in order to extend the reported effects to other materials, the same experiments were performed with a 3 mm thick fused silica sample. A typical spectral map is shown in Fig. 6(c) . The spatial extension of the region where we found stable SC generation is limited to ~400 μm, a value much smaller than the 1.5 mm reached for the sapphire crystal with the same thickness. In this region, the structure is similar to that previously reported: negligible spectral content in the red and a prominent peak at the blue border of the SC. Moreover, the same kind of tunability is found when varying z: the central wavelength of the peak shifts towards the blue as z is increased. The smaller stability of the SC generated in fused silica in comparison with that of sapphire could be associated with the long term degradation of the material [7] .
Conclusions
We have experimentally studied the spectral behavior of visible SC generated by focusing near infrared femtosecond pulses with a kinoform DL into sapphire. To avoid damage in the crystal and multi-filamentation, the energy of the pump pulses was set, in all the experiments, between 1 and 2 times the measured generation threshold. The spectra of the so-generated SC exhibit a strongly peaked structure at the blue border, with residual content of red wavelengths. For a given pulse energy, the central wavelength of this peak can be accurately shifted over a range larger than 50 nm by simply changing the relative distance between the DL and the crystal. This effect is attributed to the long focal region of the DL due to the strong chromatic aberrations. Moreover, when comparing the results with those obtained using an achromatic refractive lens in analogous conditions (NA and pulse energy) we found that the maximum extension (blue border) of the spectral power is significantly larger with the DL. Similar results are found in fused silica.
From our results the use of a DL for SC generation in bulk exhibits very interesting features for the spectral control of the generated light. A complete spatial and temporal characterization of these pulses is now in progress, but we believe that the SC pulses obtained in this way may have wide applicability, e.g., for seeding ultrafast optical parametric amplifiers.
